To have epidemic potential, a pathogen must be able to spread in human populations, but of human-infective RNA viruses only a minority can do so. We investigated the evolution of human transmissibility through parallel analyses of 1755 virus genome sequences from 39 RNA virus genera. We identified 57 lineages containing human-transmissible species and estimated that at least 74% of these lineages have evolved directly from non-human viruses in other mammals or birds, a public health threat recently designated "Disease X". Humantransmissible viruses rarely evolve from virus lineages that can infect but not transmit between humans. This result cautions against focussing surveillance and mitigation efforts narrowly on currently known human-infective virus lineages and supports calls for a better understanding of RNA virus diversity in non-human hosts.
of L3/4 lineages have L1 ancestors (see Data File 9) . 141 142 We recognise that there will be significant gaps in our knowledge of mammal/bird non-RT 143 RNA virus diversity: new species are routinely being identified 8 and virus genome sequences 144 are accumulating rapidly ( Figure S1 ). Our selection procedure resulted in a data set with only 145 28% of virus sequences from human hosts, but it is still likely that the phylogenetic diversity 146 of viruses from non-human hosts is greatly underestimated relative to that from humans 3, 14 , 147 noting that for many mammal/bird taxa no RNA viruses at all have yet been reported. There 148 will also be gaps in our knowledge of IT level: some viruses originally classified as L1 have 149 been subsequently found to human infective; and some viruses originally classified as L2 have 150 been subsequently found to be human transmissible as epidemiological data accumulates 6 . As 151 new virus sequences are added and IT levels are assigned or (occasionally) re-assigned it is 152 entirely possible that the estimated ancestors of some L3/4 viruses will change. However, we 153 anticipate that the impact of such changes across the whole data set will be to strengthen our 154 main conclusions. This is because we anticipate that far more L1 viruses will be added than 155 L2, and more L2 than L3/4, continuing the current trend ( Figure S1 ). For this reason, we 156 consider our estimate that 74% of L3/4 viruses arose from L1 lineages to be conservative.
We did not include two important taxa in our main analysis. The Influenza A virus genus was 159 excluded a posteriori because of a very weak phylogenetic signal for IT level ( Figure S9 ). On 160 inspection of the HA gene phylogeny it is apparent that although human infectivity and 161 transmissibility have evolved in only a few lineages (HA types) there is considerable variability 162 in IT level within those lineages, which would generate inflated counts of IT level change 163 ( Figure S10 ). Nonetheless, the phylogeny is broadly consistent with the pattern that most L3/4 164 lineages evolve from L1 lineages. We excluded Retroviridae from our main analysis a priori 165 because they cause chronic infections that allow far more time for within-host evolution prior 166 to transmission 9 . Consistent with this, we find that transmissible human lentiviruses (lineages of HIV-1 and HIV-2) are most likely have evolved through L1-L2-L3/4 transitions rather than 168 L1-L3/4 ( Figure S11 ).
170
Our results show that at least 74% of L3/4 non-RT RNA virus lineages (e.g. human 171 coronaviruses 229E and NL63, measles virus, human respiratory syncytial virus, hepatitis C 172 virus and Aichi virus A) are most likely to have emerged directly from reservoirs of L1 viruses.
173
Stepwise emergence to L2 then L3/4 occurs infrequently and mainly in vector-borne viruses.
174
This result is consistent with epidemiological observation: there are no well-supported 175 examples of any of the >100 species of L2 non-RT RNA viruses evolving the capacity to 176 transmit in human populations 6 . We also estimate that diversification within L3/4 lineages has 177 contributed significantly to human RNA virus diversity, accounting for 30% of species ( Figure   178 1). However, a larger fraction, at least 51%, has been generated directly from L1 lineages. Figure S4 ). Unexpectedly, the same applies to L2 viruses; these are generated from Table S3 ). We have previously suggested an alternative model where the L2 trait is easily 186 evolved and easily lost 3 , but this model is not supported by the analysis reported here.
187
Importantly, these findings do not preclude extant pools of L2 and L3/4 viruses that have yet 188 to be recognised and may not yet have had the opportunity to enter human populations 16 , but 189 they do imply that the drivers for the emergence of novel human viruses, with or without 190 epidemic potential, would be ecological rather than evolutionary. Figure S3 ). S3 . Heat map showing the total estimated probabilities that the ancestral node for each forward transition (N=96) was a L1, L2 or L3/4 virus. Three transitions are distinguished: L1 to L2 (greylabels), L1 to L3/4 (purple) and L2 to L3/4 (cyan). Blank entries indicate that no sequences from viruses at this level were present in the sequence database. Fig. S6 ). Blank entries indicate that a transition was not possible in this genus given the information available. Table S1 ). Comparing a) discrete trait count versus number of transitions (mean) estimated by Markov jumps and b) observed node changes on discrete trait phylogenies (discrete trait count) versus number of transitions (mean) estimated by parsimony. Lines of equivalence are shown. .  Table S1 . Numbers of estimated transitions between human-infective/transmissible (IT) levels 1, 2 and 3/4 across all genera (N=39) compared for three methodologies: 1) counts of the number of internal node changes, transitions, observed from discrete traits analysis* and 2) number of expected transitions (mean) from Markov jumps, both with input trees generated by Bayesian interference; 3) number of expected transitions (mean) from the parsimony reconstruction method with input trees generated using maximum likelihood methods. *Transitions are identified as changes in the most probable IT level between adjacent nodes (see Fig. 1 ). Details of level transitions with posterior supports are given in Data Files 2 and 3. Surface proteins selected for phylogenetic analysis by genus (N=35).
Data File 9
Comparison of number of L3/4 lineages and number of IT changes found in each genus phylogeny using polymerase and surface protein sequences.
